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Part I: Self-Diffusion of Water in the Hydrophobic Zeolite 
Silicalite at different Temperatures. 
Molecular Dynamics Study. 
 
 
 
1. Abstract 
 
            Different approaches are used to understand the behavior of water in confining 
media. One of them is the Molecular Dynamics (MD) simulation technique which seems 
promising for a better microscopic description and understanding.  
The self-diffusion coefficients of water in hydrophobic-all-silica zeolite were 
determined at different temperatures in the range 250K – 600K with 8 molecules per unit 
cell. In this case, the behavior of water is dominated by the hydrogen bonding interactions 
especially between water molecules, as the zeolite framework is hydrophobic. The results 
show that self-diffusion in the straight channels (Dy) is higher than in the sinusoidal 
channels (Dx). The self-diffusion coefficient in the z direction which is a combination of the 
two previous directions x and y, is the lowest. 
             The influence of loading was considered in the range 2-18 molecules per unit cell at 
3 different temperatures. It appears that between 2 and 8-9 molecules per unit cell the self-
diffusion coefficient decreases and then becomes constant when more than 8-9 molecules per 
unit cell are present. 
 To carry out the simulations a potential model including full flexibility of water 
molecules and of silicalite was used. The results are compared with the available 
experimental data and previous dynamic simulations.  
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2. Silicalite and Water: Description and Properties 
 
 a. Silicalite 
 
 Silicalite is a very common synthetic zeolite. It has many applications in the 
petroleum and petrochemical industries as catalysts or selective adsorbents. For example, 
Silicalite and its analogue ZSM-5 are used for xylene isomerization, calalytic dewaxing, or 
conversion of methanol to gasoline. 
 Moreover, Silicalite was used as an adsorbent to remove different chlorinated volatile 
organic compounds (CVOCs) from dilute liquid deionized water streams. The results 
showed that the organics adsorption capacities are very high even for low CVOC 
concentrations (ppb)2,3. Silicalite has also attracted attention as an efficient adsorbent in the 
concentration of alcohol produced by fermentation processes. 
 The main property of silicalite is its high hydrophobicity. This pronounced 
hydrophobicity is due to the low aluminium content rather than the framework structure. 
One should note that theoretically there are no aluminium atoms in the silicalite framework 
which means that there are no cations that compensate for the extra charge. 
             There are other zeolites which show similar hydrophobicity such as highly de-
aluminated mordenite or zeolite Y but this zeolite is more difficult to manufacture. Zeolite Y 
was used by Giaya2 to compare the organics adsorption capacities with silicalite. As it was 
underlined by the author, it is not straightforward  to estimate which one is the most 
hydrophobic. Indeed, depending on the hydrophobicity definition, some slight differences 
can be observed. Nevertheless, it was shown that zeolite Y and silicalite present similar 
hydrophobicity whatever the hydrophobicity definition is.3 
            Silicalite belongs to the family of pentasil zeolites, so called because their 
frameworks can be regarded as being built up from five-membered oxygen rings. The unit 
cell of silicalite contains 96 tetrahedral (SiO2) units. One unit cell is composed of two 
straight channels and four sinusoidal or zigzag channels with four channel intersections, as 
shown in figure 1 6. 
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Fig1. Schematic representation of an MFI crystal. Zigzag channels in the a or x direction are 
interconnected with straight channels in the b or y direction.  
 
The straight channels are elliptical and the cross section of the straight channels is about 5.7-
5.8 * 5.1-5.2 A while the zigzag channels have a nearly circular cross section of diameter 5.4 
A. The dimensions of a unit cell are the following: 
a = 20.06 A    in the x direction which is also the direction of the sinusoidal channels. 
b = 19.8   A    in the y direction which is also the direction of the straight channels. 
c = 13.36 A    in the z direction  which is a combination of the two previous directions. 
 
                                                                  
                                                            
Fig 2a and 2b. Fig 2a represents several unit cells elongated in the x direction. Fig 2b 
represents one 2D unit cell in the xz plane. 
X
Z 
Y 
Zigzag 
Channels 
Straight 
Channel 
perpendicul
-arly to the 
paper 
Unit Cell = 96 
SiO2 
a= 20.06 Å 
b= 19.8 Å
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On figure 2 is represented a unit cell where y axis is perpendicular to the plane of this 
page. Silicalite contains two types of site, there are oxygen atoms and silicon atoms. On 
figure 3 oxygen atoms are red  whereas silicon atoms are yellow.  
Silicalite has a reversible phase transition at about 340 K. Below 340 K silicalite 
belongs to the monoclinic symmetry group (P2/n11 space group) whereas above 340 K 
silicalite belongs to the orthorhombic symmetry group (Pnma space group).  
Considering the lattice model formalism the connectivity matrix or valence matrix 
can be written in the following way (for a 3D silicalite crystal): 
 


=
2221
1211
3 cc
cc
c D = 


02
40
           
 
 Where cij describes the number of sites of type j connected to a site of type i. In our 
case, subscript 2 stands for oxygen and subscript 1 stands for silicon. One can note the 
connectivity matrix depends on the dimension of the system. For a bi-dimensional crystal the 
connectivity matrix is: 
 
=Dc2 


02
30
    
  
 Moreover if M denotes the total number of sites, and Mi the sites of type i. One can 
write for two different types of site: 
 
M1 + M2 = M 
c12M1 = c21M2 
 
So that     M
cc
cM
2112
211 +=      and      Mcc
cM
2112
122 +=  
 
 For a 3D unit cell of silicalite, M = 288, M1 = 96, M2 = 192. 
 
The framework density is about 1.8 g / cm3 and the specific micropore volume  is about 0.19 
cm3/g. Kokotailo22 and Flanigen23 gave more complete description of the structure. 
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           b. water 
 
 Water is a simple and common molecule (Fig3) which can exhibit a complex 
behavior1,7,15. Its thermodynamic is specific5,24 and it is still difficult to model its bulk liquid 
behavior19. 
 
 This is due to the inherent nature of the fluid. Water does not exhibit smooth 
attractions. Indeed the attractive forces related to hydrogen bonds are strongly orientation 
dependant which constrains the conformations and directions of participating molecules 
leading to the formation of open structures. 
 
 In the bulk liquid phase, hydrogen bonds are formed between one central molecule 
and up to four nearest neighboring water molecules as it is illustrated on Fig 418. These 
hydrogen bonds are energetically favorable and the number of hydrogen bonds increases as 
the liquid is cooled down. This has an appreciable effect on the thermodynamic coefficients 
or functions, such as the isothermal compressibility, the expansion coefficient or the isobaric 
heat capacity. 
 
              In the solid state, different kinds of ice can be obtained, the low density amorphous 
ice (LDA) and high density amorphous ice (HDA). This polyamorphism is due to a 
metastable liquid-liquid transition with respect to crystallization. 
 
 
 
Fig 3. Schematic representation of a water molecules with characteristic dimensions. 
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Fig 4. An example of hydrogen bonds network. The dashed blue lines represent the 
hydrogen bonds between the central water molecule and the neighboring ones. 
 
That is why it is important to incorporate in a model, like a perturbation one, a sophisticated 
model potential with orientation-dependant interactions24 of varying attractive strength. 
Truskett et al24 presented a model which takes into account the local correlation between low 
density, low energy, and low entropy in the vicinity of a hydrogen bond. And on the basis of 
this model  Giaya5 added some modifications especially for the hydrogen bond potential 
term where more than one hydrogen bond was taken into account.  
 
c. water in silicalite 
 
 As a detailed model has to be developed to model water behavior in bulk liquid 
phase, it is obvious that modeling water in a confining media such as the silicalite pores will 
not be an easy task. There are essentially four questions of interest: what is the influence of 
hydrogen bonding on water diffusion in nanopores and on adsorption capacities, what is the 
physical state of water inside the pores for given thermodynamic conditions, what is the 
influence of the fluid outside the pores on the fluid inside the pores and what is the 
interaction between the pores walls and the water molecules. This last issue could be named 
the confinement effect. 
 Many answers or at least suggestions can be found in Giaya‘s work2,3,4,5 and it is 
interesting to recall briefly the main results. Several parameters have to be considered to 
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answer these questions, and it appears that the pore openings, the pore volumes, the Si/Al 
ratio which can be related to the hydrophilicity are parameters of interest. It is important to 
keep in mind that experimental results cannot be explained on the basis of only one criteria. 
For example Giaya compared the adsorption capacities between zeolite Y and silicalite. 
According to its hydrophobicity index both silicalite and DAY presented similar 
hydrophobicity16. Nevertheless DAY adsorbed more water than silicalite. This can be 
explained by considering the framework structure, such as the pore dimensions which are 
larger for DAY than for silicalite leading to a lower exclusion effect of water inside the DAY 
pores. Moreover it may be possible that larger pores makes the aluminium substitution 
easier, leading to an increase of the inherent hydrophilicity and probably more defects and 
so, more silanol groups Si-OH, and so more hydrophilic. 
 An interesting experiment was carried out by Giaya, the adsorption of TCE from 
liquid phase and vapor phase in contact with silicalite were compared. The results were very 
close which suggested that water did not enter the pores. It was pointed out that the 
TCE/H2O mole ratio in the liquid phase was 1:55,000 while the TCE/H2O mole ratio in the 
vapor phase was about 1:2 leading to higher organic activity in the vapor phase all the other 
thermodynamic functions being constant. On the opposite, TCE adsorption on DAY in the 
liquid phase was very low for the organic compound, which means that water molecules 
effectively entered the pores. It is important to underline that the TCE/H2O mole ratio 
difference between the liquid and the vapor phase has an influence on the results. Indeed, in 
the liquid phase there are so many water molecules that the probability for a water molecule 
to be in the immediate vicinity of the pore is huge. Moreover, the presence of water 
molecules creates an unfavorable environment for organic molecules to penetrate into the 
pores. So, unless it is very difficult for water molecules to enter the pores, as it is the case for 
silicalite, the presence of water in high proportion inhibit the organic adsorption capacities. 
The vapor phase adsorption results were confirmed by using the tapered element oscillating 
microbalance (TEOM) technology. In addition it was shown that the adsorption capacities 
decreased with temperature and that for a given temperature, at lower partial pressures, 
silicalite is more selective for the TCE whereas at higher partial pressures DAY is better. 
This suggests again that DAY is more efficient as TCE/H2O mole ratio increases. All these 
comments illustrate a complex water behavior in zeolite nanopores. 
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3.  Determining the self-diffusion coefficient 
 
      a. Self- and transport diffusivities 
 
             First of all, one should not mistake the self-diffusion coefficient for the transport 
diffusion coefficient. Self-Diffusion is the process of molecular migration under conditions 
of macroscopic equilibrium, it has an analogy with the Brownian motion. Transport 
diffusion or mass transfer can be related to a concentration gradient or more generally to the 
chemical potential gradient11. Self-Diffusion may be followed by either tagging a certain 
fraction of the diffusants or by following the trajectories of a large number of diffusing 
particles and determining the mean square displacement. That is why, because of this 
difference in the physical situation, transport diffusivity and self-diffusivity may not be the 
same. It is possible to relate the self- and transport diffusivities in a first approximation by 
using the Darken equation obtained for a mixture of two identical species, distinguishable 
only by their labeling: 
qd
pdDsDt
ln
ln=  
Where Dt is the transport diffusivity, Ds is the self-diffusivity, p is the pressure and q is the 
total intracrystalline concentration. The term d ln p/ d ln q arises from nonlinearity of the 
relationship between activity and concentration. In a dilute system transport diffusivity 
approaches the self diffusivity of the solute. Another required assumption is that the 
adsorbent can be regarded as an inert framework which is not affected in any significant way 
by the presence of the sorbate. 
 
b. The Random Walk Model 
 
 Note: The goal of this paragraph is to illustrate how the Mean Square Displacement 
(MSD) can be related to the Fick’s law. It helps also to understand the definition and the 
meaning of the (MSD). Fick’s law is not a sine qua non condition to determine the MSD, 
clearly if the positions of the different sorbates are known as a function of time, it is possible 
to determine the MSD and the self-diffusion coefficient. Nevertheless it will be illustrated 
how the MSD can be derived from Fick’s law thanks to a very simple example. 
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 For this example, let’s consider a parallel sided container of unit cross-sectional area 
and infinite length in the z direction. In order to apply Fick’s equation to this system, 
particles have to be labeled, they must be considered to be distinguishable from the other 
particles.  
 Moreover the total concentration of particles (and so in a larger extent, their 
diffusivity) is constant throughout the region of consideration. These are inherent properties 
of the self-diffusion process, as it was recalled previously. 
 Applying Fick’s law, for this system in these conditions gives: 
2
2
z
cD
t
c
∂
∂=∂
∂  
 By differentiation, D being a constant, it is straightforward to show that 
Dt
z
e
t
Ac 4
2−
=            where A is an arbitrary constant. 
is a solution of the previous equation. Denoting M the total quantity of diffusing substance, 
∫+∞
∞−
= dzcM  and integrating with 
Dt
z
4
2
2 =Φ , we find; 
DAdeDAM π22 2 =Φ= ∫+∞
∞−
Φ− . Diffusion takes place along the z axis only, so assuming 
that initially, at t=0, all this quantity of solute is confined to the plane at z = 0, we can form 
the following ratio: 
Dt
e
M
c Dtz
π4
4/2−
=   which is the distribution of solute at all later times. This quantity can be seen 
as the probability of finding, at position z, a particle which was located at the origin at time 
zero. This ratio is called also the “Propagator”, and it is an important notion to introduce the 
MSD. One can notice that the “Propagator” is a Gaussian Function, so it is completely 
defined by the mean square half width or the MSD of the diffusants. The MSD is obtained 
by integration: 
Dtdz
Dt
eztz
Dt
z
2
4
)(
4
22
2
== ∫∞+
∞−
−
π  
 This last equation is known as the Einstein’s relations. We obtain a direct and simple 
correlation between the diffusivity and time dependence of the MSD. Note that the MSD is 
easy to obtain compare with the other parameters, as a function of time. From the MSD 
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evolution, one can evaluate the diffusivity coefficients. The origin of the factor 2 will be 
precise later. 
 Now, it is important to recall the validity range of this relation. In addition to the 
preliminary comments, the diffusing particles do not interfere with each other and may step 
with equal probability in a given direction. Moreover the diffusivity coefficient is a constant. 
In particular it does not depend on concentration. That is why in our future simulations the 
number of water molecules inside the silicalite unit cells is kept constant. Of course, locally, 
as the particles move, there are concentration variations or concentration gradients. But the 
system, on the whole, is a closed one. Because of all these demanding assumptions, the 
linear Einstein relationship, which is an ideal case, may not be valid or may be valid on a 
specific time interval. 
 To illustrate this point, if we write a generalized  Einstein formula: 
αCtr =2  
Where C is a constant and α is also a constant obtained by computing the slope of the 
theoretically linear relationship ln(MSD) vs (ln(t)). If α equals one, the ideal Einstein 
relationship corresponding to the normal diffusion case can be used to estimate the diffusion 
coefficient. If α = 0.5, the diffusion process is called single-file diffusion. This phenomenon 
occurs when molecules hinder each others, the molecules cannot pass each other in the 
channels. This happens especially for long time, and usually for short time, the ideal Einstein 
relationship is a good approximation. But, it is crucial to keep in mind that the comparison of 
diffusivity coefficients between different experiments must be related to the same formula. 
Clearly, the power α must be the same for all set of experiments. It is meaningless to 
compare  diffusion coefficients when the diffusion process is different. 
 Furthermore, the relationship between the MSD and the diffusivity depends on the 
dimensionality of the system. For a k dimensional system where k = 1, 2 or 3, the Einstein 
formula becomes: 
kDttr 2)(2 =  
 Previously, we considered as an introductive example, the monodirectional diffusion 
in the z direction. The following relationship was obtained  Dttz 2)(2 = where k = 1. 
 For an isotropic diffusion in a 3D system, the relation of interest will be 
Dttr 6)(2 =    where k = 3 
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 If the process is anisotropic, the diffusion process has to be decomposed in the 3 
different directions for a 3D system. Using the Cartesian system, 
tDtx x2)(
2 =              for the x direction 
tDty y2)(
2 =             for the y direction 
tDtz z2)(
2 =              for the z direction  
 
      4.   Using the Molecular Dynamic (MD) simulation technique. 
 
 a. System setup 
 
System definition 
 
 The main objective for all the simulation consisted in evaluating the self-diffusion 
coefficient at different temperatures in the three directions of the orthorhombic silicalite 
framework, x, the zigzag channels, y, the straight channels, z, a combination of the two 
previous directions1,21. Hence it was possible in a larger extend to predict the water behavior 
in silicalite channels. 
 Eight water molecules per unit cell and 2 unit cells were considered 1×1×2, so, the 
whole system contained 16 water molecules in 2 silicalite unit cells. Moreover 3D periodic 
boundary conditions were included in the model. 
 
Initial location of water molecules in the zeolite framework 
 
 We decided to locate initially, at t=0, the water molecules at the intersection between 
the straight and the zigzag channels. Intersections appear to be valuable starting regions 
because they are characterized by larger potential energy than the one present in the channels 
where molecules go to. That is why, as we wanted to consider the same starting region for all 
the different simulations conducted at different temperatures, the intersections revealed to be 
the most interesting ones. Nevertheless, it should be pointed out whether or not the initial 
location has an influence on the final results. This comment is especially true for low 
temperatures where one can expect low displacements. But as it will be shown later, for 
temperatures greater than 200-250K the maximum MSD is such that all accessible space is 
 17
explored. In this case the initial location has no influence on the results. For very low 
temperatures, to obtain quantitative good results, one could sample the starting regions and 
average the computed quantities.  
          
Hydrogen Bonds criteria 
 
 The maximum-hydrogen-acceptor distance (MAD) had to be determined. As the first 
minimum in the Hydrogen-Oxygen radial distribution functions (rdf’s) is obtained roughly at 
2.5 angstroms, we knew that the MAD should be equal or superior to 2.5 angstroms. Note 
that the first minimum in the Hydrogen-Oxygen rdf means that if the distance between an 
oxygen of a water molecule A and an hydrogen atom of the second water molecule B, the 
hydrogen bond is theoretically not effective anymore. But, as the hydrogen atoms are too 
mobile for a clear-cut criterion, we considered the first minimum of  the Oxygen-Oxygen 
rdf’s  obtained at 3.5 angstroms. And finally a MAD of 3.5 angstroms was chosen in order to 
ensure that all the hydrogen bonds were taken into account. 
 
Flexible framework or fixed framework ? 
 
 Choosing between a fixed or a flexible framework deserves some comments. First of 
all a fixed framework is an approximation, in reality the framework vibrates. But if modeling 
a flexible framework seems to be the best option to be as close as possible to reality, it has to 
be done correctly. Moreover, it is interesting to determine what is the best appropriate option 
depending on the system and the simulation conditions.  
The debate is still active and from numerous publications1,8,9 the following conclusions were 
drawn; 
 If the sorbates are very dilute in the zeolite structure, such as one molecule per unit 
cell, the energy barrier to diffusion is low so that the influence of lattice vibration is small. 
But, if the molecule has to cross some windows whose diameter is smaller than the sorbate 
dimension or even in the same order of magnitude, the lattice vibrations can have an 
important effect especially for low activation energy to diffusion. Moreover, at finite 
loading, if the diffusion is controlled by collisions or if the molecules interact between each 
others, it is necessary to include the lattice vibrations in order to avoid unphysical clustering 
and high energy collisions, so that the linear momentum in sorbate motion is conserved. 
 That is why the framework flexibility was taken into account in our simulations. 
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b. Forcefield  type 
 
 The forcefield type was incorporated in the software package, Materials Studio®. We 
used COMPASS as a forcefield.  
 
What is COMPASS ?  
 
 COMPASS stands for Condensed-phase Optimized Molecular Potentials for 
Atomistic Simulation Studies. COMPASS represents the state-of-the-art forcefield 
technology. It is the first ab initio forcefield that enables accurate and simultaneous 
prediction of structural, conformational, vibrational, and thermophysical properties for a 
broad range of molecules in isolation and in condensed phases. It is also the first high quality 
forcefield that consolidates parameters for organic and inorganic materials previously found 
in different forcefields.  
 The COMPASS development focuses on high accuracy in prediction. The goal is to 
reach experimentally comparable precision in predicting molecular properties in isolation as 
well as in condensed phases. It is an ab initio forcefield because most parameters were 
derived based on ab initio data. However, the parameters were optimized empirically to yield 
good agreement with experimental data. In particular, thermophysical data for molecular 
liquids and crystals were used to refine the nonbond parameters by using molecular 
dynamics simulations.  
Getting the parameters: Explicit and Automatic parameters 
 The COMPASS forcefield, like all other high quality forcefields of this type, is 
accurate for those molecular classes for which it has been explicitly parameterized and 
validated. The corresponding parameters are called explicit parameters. For functional 
groups that are not included in the parameterization and validation list, but have similar 
chemical structures as those parameterized, the explicit parameters may be used based on the 
assumption of transferability. However, transferability is not a rigorously defined concept, 
and the accuracy of calculation varies depending on how similar the molecular structures are. 
In addition to the explicit parameters, automatic parameters are included in the COMPASS 
forcefield in case that the explicit parameters are not available. The automatic parameters are 
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defined with more generic atom types hence they cover broader range of functional groups 
than the explicit parameters do. The automatic parameters are empirically derived. Since 
they are generic parameters, the quality of prediction of the automatic parameters is not as 
accurate as that of the explicit parameters. In general, it is expected to yield a reasonable 
prediction of structural properties. 
 
Application for our system: Water molecules in silicalite 
 
 The forcefield had to take into account the interactions between the water molecules 
and the silicalite framework and between the water molecules themselves. Two essential 
interaction types were considered: 
 The total energy is written as a combination of valence terms including diagonal and 
off-diagonal cross coupling terms plus nonbonded terms which include: 
 
+ electrostatic interactions modeled by a Coulomb potential 
∑=
ji ij
ji
r
qq
Eelec
,
   where rij are the distances between two atoms 
 The electrostatic interaction is represented by the partial atomic charge model using 
bond increments, which represents the charge separation between two bonded atoms. The net 
partial charge for atom i (denoted qi) is the sum of all bond increments over all atoms bonded 
to this atom:  
∑=
j
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+ Van der Waals, London and Hydrogen Bonds interactions modeled by 6-9 Lennard-Jones 
potential. 
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 The nonbonded terms are used for interactions between pairs of atoms that are 
separated by two or more intervening atoms and for atoms that belong to different 
molecules.  
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 The Lennard-Jones 6-9 parameters as written in Eq 4 are for like atom pairs. For 
unlike atom pairs, a 6th-order combination rule is used to calculate the off-diagonal 
parameters:  
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rrE εε                           Where εi is the potential well depth of i 
 
 The parameters for the different potentials were evaluated thanks to the following 
algorithm incorporated in the software package:  
Fig 5. Structure used for the determination of the relevant parameters involved in the 
potential energies. 
 
 The parameterization procedure of the valence model consisted of two phases: ab 
initio parameterization, and empirical optimization, as illustrated in Fig 5. 
In the first phase, the parameterization was focused on partial charges and valence 
parameters. The atomic partial charges were derived using ab initio electrostatic potentials. 
The valence parameters were derived using COMPASS ab initio parameterization 
techniques. The ab initio data used to determine the valence parameters included the total 
energies, the first and second derivatives of the total energy with respect to the Cartesian 
coordinates of the atoms. At this point, the Lennard-Jones 6-9 parameters were fixed to a set 
of initial parameters taken from the COMPASS forcefield.  
Lennard-Jones 6-9  
parameters are refined.
Few critical valence 
parameters are adjusted 
Derivation of partial 
charges and valence 
parameters 
Comparison with 
experimental data
Lennard Jones 
 Parameters are fixed
(1) (2) 
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In the second phase, emphasis is on optimizing the forcefield to yield good agreement with 
experimental data. A few critical valence parameters were adjusted based on the gas phase 
experimental data. The Lennard-Jones 6-9 parameters were refined based on molecular 
dynamics simulations of liquids and subsequently comparison of the calculated results with 
experimental data. For the valence parameters, the following properties were calculated:  
     
• molecular structures  
• molecular dipole moments  
• vibrational frequencies  
• conformational energies  
 These calculations were performed on isolated molecules and were usually full 
energy minimizations using a general Newton-Raphson algorithm. For conformational 
properties, torsion-force minimization was performed, in which one or more dihedral angles 
were fixed while all other degrees of freedom were allowed to relax.  
 The Lennard-Jones 6-9 parameters were optimized by calculating and comparing two 
physical properties of molecular liquids:   
• liquid densities  
• liquid cohesive energies   
both were calculated at the experimental temperatures and pressures.  
 After optimization of the Lennard-Jones 6-9 parameters, intramolecular properties 
were calculated again to check if any adjustment of the valence parameters was required. 
Only a few valence parameters, mostly torsion terms, needed to be adjusted if the initial 
guess of the Lennard-Jones 6-9 parameters was reasonably close to the optimized values. 
Normally, small changes in the torsion parameters had negligible impact on condensed-
phase properties. In other words, modification of van der Waals parameters can change the 
torsion energy profiles, but changes in torsion parameters have very little effect on the 
calculated densities and cohesive energies of molecular liquids and crystals.  
Unfortunately, as the code is encrypted, the computed parameters are not available. 
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c. Structure minimization 
 
 Before starting with a production run or a dynamic simulation, it is necessary to 
perform an equilibration run by minimizing the initial structures. First, water molecules are 
placed randomly at the intersections of the zigzag and straight channels. Then, an energy 
minimization is carried out on the corresponding structure so that a local minimum energy is 
reached. This provides, at t = 0, a possible starting conformation for water molecules inside 
the silicalite framework.   
 
 On fig 6 is represented two different conformations. The first one is obtained before 
the equilibrium run and the second one is obtained after the equilibration run. One can notice 
slight differences, molecules moved in order to minimize the potential interaction energy. 
 
 
 
Fig 6a. Before performing an equilibration run, water molecules are placed randomly at the 
intersections between straight and zigzag channels. 
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Fig 6b. After the equilibration run, water molecules rotated and translated a little bit in order 
to reach a local minimum for the total potential energy. 
 Minimization is an iterative procedure in which the coordinates of the atoms and 
possibly the cell parameters, are adjusted so that the total energy of the structure is reduced 
to a minimum (on the potential energy surface). The Conjugate Gradient method was used to 
perform the energy minimization. This method improves the line search direction by storing 
information from the previous iteration. It is the method of choice for systems that are too 
large for storing and manipulating a second-derivative matrix. The time per iteration is 
longer than for steepest descents, but this is more than compensated for by efficient 
convergence. The Fletcher-Reeves algorithm was used10. 
d. Dynamic simulation 
 Molecular movement is predicted by solving the principal equations of motion for a 
statistically significant number of particles in a known forcefield. The dynamic time was    
300 ps for all simulations. A long simulation time is necessary to minimize the errors related 
to the calculation and get reproducible results. 
The equation of motion for particle i can be written as: 
( ) )...........( 1 Niii rrFtrm =&&  
 24
And the forces Fi can be related to the potential by the gradient operator: 
).....,,.........( 1 Nii rrgradUF −=  
Then, an algorithm based on a Taylor expansion over a small time h is used to determine the 
evolution of the whole system: 
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 Typically in our simulations, the time step h equals 1 fs. This time step value ensured 
good total energy conservation. As the positions of the water molecules and the flexible 
framework can be evaluated as a function of time. One can access the MSD as a function of 
time and then, evaluate the self-diffusion coefficient. 
5. Results and Discussion 
a. Temperature influence on water molecules behavior  
 All the simulations were done in the microcanonical ensemble NVE which means, 
constant number of molecules, constant volume, constant energy. In this case the Newton 
equations of motion which conserve energy are used.   
 The average of any property over the trajectory is an approximation to the measured 
value of that property for the thermodynamic state with the specified values of N, V, and E. 
Such an average is equivalent to an average over a microcanonical ensemble if the trajectory 
passes through all parts of phase space that have the specified energy. 
 The simulations were performed between 250 K and 600 K. 
 Considering 8 molecules per unit cell the following results were obtained; 
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MSD vs time @ 249 K
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Fig 7a. Mean Square Displacement of water molecules in silicalite framework at 249 K as a 
function of time. 
MSD vs time @ 270 K
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Fig 7b. Mean Square Displacement of water molecules in silicalite framework at 270 K as a 
function of time. 
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MSD vs time @ 297 K
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Fig 7c. Mean Square Displacement of water molecules in silicalite framework at 297 K as a 
function of time. 
MSD vs time @ 354 K
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Fig 7d. Mean Square Displacement of water molecules in silicalite framework at 354 K as a 
function of time. 
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MSD vs time @ 394 K
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Fig 7e. Mean Square Displacement of water molecules in silicalite framework at 394 K as a 
function of time. 
MSD vs time @ 437 K
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Fig 7f. Mean Square Displacement of water molecules in silicalite framework at 437 K as a 
function of time. 
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MSD vs time @ 491 K
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Fig 7g. Mean Square Displacement of water molecules in silicalite framework at 491 K as a 
function of time. 
MSD vs time @ 603 K
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Fig 7h. Mean Square Displacement of water molecules in silicalite framework at 603 K as a 
function of time. 
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 From these results, several comments can be made: 
 As temperature increases self-diffusion increases in all directions, x, y and z. This is 
clear on fig 8. Moreover, the highest self-diffusion coefficient is obtained in all simulations 
in the y direction, the straight channels ones. This results can be related accordingly to a 
recent study6 where it was shown that using a dimer or a trimer TPA (tetrapropylammonium) 
as a template enhanced the growth rate along the y axis relative to that along the other axes, 
establishing a b/a ratio greater than 1 and a c/b ratio approaching 1. Comparison with 
previous results showed that these modified and optimized silicalite membranes have 
superior organics separation performance within the range of temperature from 100 to      
200 ±C  for components that have small differences in size and shape like xylene isomers. 
For example at 100 ±C and 200 ±C the ratio of fluxes between p-xylene and o-xylene is 60 
and 450 respectively. 
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Fig 8. Evolution of the self-diffusion coefficients in the x, y and z directions as a function of 
temperature. 
  
 One can also notice that diffusion in the straight channels (y) or the zigzag channels 
(x) is much larger than in the z direction which combines straight and zigzag channels. 
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 If one considers the diffusion process as a sequence of random jumps between the 
channel intersections in which successive jump directions are uncorrelated, typically a 
Markovian process, the random walk model leads to the relation: 
yxz D
b
D
a
D
c 222 +=  
Where a, b and c denotes the unit cell dimensions. From this relationship, one can already 
notice that the normalized diffusivity in the z direction 2/ cDz  is smaller than the normalized 
diffusivity in either the x or y direction. Furthermore, if the normalized diffusivities in the x 
and y direction are very different, 2/ cDz will approach the smaller of the values 
2/ aDx  
or 2/ bDy . 
 The discrepancy from this simple random walk model can be measured by the 
parameter β which is defined as: 
yx
z
DbDa
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//
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+=β  
 When β=1, the previous random walk model holds. Otherwise, if β > 1  water 
molecules diffuse preferentially along the same channel after crossing an intersection 
between straight and zigzag channels. If β < 1 adsorbed molecules preferentially go from 
one channel type to the other. 
 The results in table 1 show that β > 1 except at 491 K where β is close to 1, it means 
that the general trend is that water molecules preferentially diffuse along the same channel 
after crossing an intersection between the two types of channel.  
 
  
 Another interesting criterion is the coefficient d which is defined as: 
z
yx
D
DD )(2/1 +=δ   
This parameter called the diffusion anisotropy parameter should be close to 4.4 for a random 
walk model. In our case we can notice that from table 1 d is larger than 4.4 even though at 
high temperature d seems to decrease. It means that the diffusion process is clearly 
anisotropic. 
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T(K) D Dx Dy Dz β d 
249 3.57 4.01 6.08 0.84 1.29 6.04 
270 5.83 5.45 12.01 1.10 1.44 7.94 
297 8.83 7.00 18.52 2.01 1.14 6.34 
354 10.00 7.50 19.01 2.11 1.14 6.29 
394 10.55 8.89 20.28 2.34 1.19 6.24 
437 13.11 11.29 22.59 2.53 1.34 6.70 
491 16.53 21.47 25.71 5.53 0.95 4.27 
603 26.13 31.52 40.03 6.84 1.16 5.23 
 
Table 1. The diffusion coefficients of water (*109- m2s-1) in silicalite as a function of 
temperature and the two parameters β and d as a function of temperature. 
 
b. Comparison with available experimental data and other previous simulations 
 
                             D (109 m2/s) 
  Temperature (K)   This work   Ref 1 (MD)   Ref 7 (MD)   PFG-NMR7 
          298 8.8 8.6 3.3 1.7 
          393 10.5 10 6.7 1.5 
Table 2. Comparison of the simulated self-diffusion coefficient with  previous simulations 
and with experimental data at 298 K and 393 K. 
  
 The self-diffusion coefficients obtained at 298 K and 393 K are consistent with 
previous Molecular Dynamic simulations from ref1 and ref7. The same order of magnitude 
is observed. On the other hand, the values of the diffusion coefficients reported in the 
experimental data are different even though the same order of magnitude is obtained. There 
are several reasons which can explain these differences: 
 First, the Pulsed Field Gradient PFG-NMR setup gave weak signals because of the 
hydrophobicity of silicalite. Consequently the error margin is higher than for strong signals. 
 That is why it is difficult to obtain experimental data for water in silicalite. Moreover, 
depending on temperature the measurements can become very delicate if some water even in 
very small quantity is present on the silicalite outer surface or in the interstitial space among 
them. This last issue can be overcome by working above 100°C as it is done at 393 K. 
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 Second, the silicalite crystallites may contain some defects. It can contain some 
aluminium atoms or some silanol groups if some Si-O-Si bridges are broken. All these 
modifications, these defects or these differences with the theoretically all ultra-pure SiO2 
lead to some differences between the simulations with perfect silicalite and experimental 
results obtained with real crystallites.1 
 
c. Example of single-file diffusion observed at 131 K 
 
 A simulation was performed at 131 K to simulate water behavior at very low 
temperature. 
 The following result was obtained: 
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Fig 9. Mean Square Displacement of water molecules in silicalite framework at 131 K as a 
function of time. 
  
 In this case we do not have anymore straight lines, which means that the ideal 
Einstein relationship cannot be used anymore on the time range of consideration. Fitting the 
data with a power law, we can notice that the exponent is quite close to 0.5. It means that at 
this temperature water exhibits a different diffusion process14. The MSD rate decreases with 
time as hindrance increases. In this case it is not correct to compare the diffusion coefficient 
obtained at 131 K with the previous ones because the diffusion process is different. 
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 Moreover as the self-diffusion coefficient is obtained thanks to: 
dt
MSDkd
K
D )(1=   Where K depends on the dimension of the system (1-D diffusion, or 3-D 
diffusion). 
 One can observe that for normal diffusion the self-diffusion coefficient is a constant 
and does not depend on time. On the opposite for single-file diffusion, the self-diffusion 
coefficient is a function of time because of the hindrance which slows down the diffusion 
process. This, again, illustrates that it is not possible to compare diffusion coefficients when 
diffusion processes are different. 
 
d. Activation Energy for diffusion 
 Similarly to the Arrhenius law used in kinetics, it is possible to define the activation 
energy Ea for diffusion in the following way: 
RT
Ea
eDD
−= 0  
 The computed diffusion coefficients are collected and plotted on figure 10 as an 
Arrhenius plot. 
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Fig 10. . Arrhenius Plot of the activation Energies for diffusion of water in silicalite in the 
range 250-600 K on a logarithmic scale. The self-diffusion coefficients of bulk liquid water 
are reported from ref 25. 
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 It is clear that within the temperature range from 250 K to 600 K, we do not obtain a 
simple straight line. Depending on the temperature range, three portions can be considered 
with three different activation energies. 
  
 From 249 to 297 K an activation energy of about 11.6 kJ/mol is obtained. This value 
is lower than the one obtained for bulk liquid water (15-20 kJ/mol) even though it is in the 
same range of magnitude. One possible explanation for this lower value can be found by 
considering the hydrogen bonds network and the influence of the lattice. Indeed, it was 
shown by Demontis et al1 that at low temperature the lattice vibrations help the water 
molecules to diffuse. Moreover, as it will be shown later, the hydrogen bonds are easily 
broken in silicalite even at low temperature (250 – 300K). As the hydrogen bonds have a 
stabilizing effect, the lack of hydrogen bonds between water molecules in silicalite makes 
the diffusion process easier. And so, these combined phenomena can explain the lower value 
for the activation energy obtained for silicalite compared to bulk liquid water. 
It is also interesting to note that for temperatures between 300K and 400K the activation 
energy is about 1.8 kJ/mol. A low value was also obtained by Demontis et al 1 (1kJ/mol) and 
as it was pointed out by the authors, the activation energy for diffusion can be decomposed 
into two parts. One is related to the activation energy for rotation, the other is related to 
activation energy for translation. And it is possible that between 300 K and 400 K, only the 
translational barrier to diffusion remains as a free rotation regime is established. Another 
point which could explain this transition is the influence of the lattice vibrations. It was 
shown by the authors that when the lattice is kept fixed, this transition phenomenon for the 
activation energy does not exist. Moreover, within the range of temperature (300-400K) 
lattice vibrations helps the diffusion of water molecules in the silicalite pores. If the energy 
provided by the lattice is close to the one which is necessary for water molecules to reach the 
optimal diffusivity, then the activation energy for diffusion is low within this range of 
temperature. 
 Considering these activation energy values, it is coherent to think that between 250 K 
and 300 K water behaves like a liquid and that for temperature higher than 300 K, water 
behaves like a gas or at least starts behaving like a gas if one considers the temperature range 
300 K- 400 K as a transition between liquid and gas phases where both phases could coexist. 
 Moreover, from previous results the existence of water in gas phase in silicalite was 
suggested.2,3 
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  For temperatures higher than 400 K the activation energy is about 8.5 kJ/mol, and 
water molecules are in gas phase. It is important to note that at high temperature that is 
above 400 K, the lattice vibrations do not help the diffusion of water molecules. It was 
shown by Demontis et al1 that the diffusion for water molecules is lower when the lattice is 
flexible. This point is important to understand the increase of the activation energy for 
diffusion at high temperature. This phenomenon where activation energy changes abruptly 
as temperature changes is characteristic of  a “fragile” liquid (**). But on the basis of 
molecular simulations it would be too early to state whether or not water is a fragile liquid in 
silicalite. 
 It is also interesting to compare the diffusion coefficients obtained for water in 
silicalite and bulk liquid water / supercooled water25 that is in the range 255-364 K. It 
appears that the hydrophobic confinement enhances the diffusion process for pores with a 
diameter equal to about 5-6 A. This is especially true for low temperature, then at higher 
temperature, around 370 K, self-diffusion coefficients of water in silicalite and bulk liquid 
water become very similar. It was shown by Hartnig et al26 that the polarity of the pores 
influences the diffusion rate in confined cylindrical pores. Water transport was found to be 
fast for non-polar pores and slow for polar ones. So there is an analogy between diffusion of 
polar molecules (such as water molecules) in a non-polar confined system and diffusion of 
water in a hydrophobic confined system, that is the low affinity and the low interactions 
between the sorbates and the confined system.  
 
e. Hydrogen bonds 
 From the simulations results it is possible to evaluate the radial distribution functions 
(rdf’s) of water molecules inside the zeolite framework13. 
 
 
  
rOO 
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Fig 11a and 11b. Intermolecular distances, rOO and rOH, between two different water 
molecules used in the radial distribution functions (rdf’s) gOO and gOH respectively. 
 
 Two different rdf’s were taken into account, gOO (rOO) and gOH (rOH). gOO can 
be understood as being the probability of finding two oxygen atoms of two different water 
molecules separated by the distance rOO.  
 Similarly gOH is the probability of finding an hydrogen atom and an oxygen atom 
from two different water molecules separated by the distance rOH. 
  
 The following results were obtained: 
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Fig 12a. Radial distribution functions gOO as a function of r = rOO at 100 K, 150 K, 199 K, 
and 249 K. 
rOH 
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goo(r) vs r (299 K - 399 K)
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Fig 12b. Radial distribution functions gOO as a function of r = rOO at 299 K, 349 K and 
399K 
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Fig 12c. Radial distribution functions gOO as a function of r = rOO at 448 K, 498 K, 548 K, 
and 578 K. 
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goH(r) vs r (100 K - 249 K)
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Fig 13a. Radial distribution functions gOH as a function of r = rOH at 100 K, 150 K, 199 K, 
and 249 K. 
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Fig 13b. Radial distribution functions gOH as a function of r = rOH at 299 K, 349 K, 399 K. 
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Fig 13c. Radial distribution functions gOH as a function of r = rOH at 448 K, 498K, 548 K, 
and 578 K. 
 
  
            The rdf’s data were obtained for simulations performed between 100 K and 580 K.  
 The first peaks are obtained at rOH1 = 1.8 A and rOO1 = 2.8 A for gOH and gOO 
respectively. These distances are characteristic of stable hydrogen bonds. So this is a clear 
indication of the presence of hydrogen bonds.  
 At low temperatures, the rdf’s show quite isolated peaks. It means that distances 
between the two atoms of interest are around fixed values which is characteristic of solid 
state or stable water clusters. As temperature increases, the peak heights decrease but the 
maxima of gOO and gOH remains at the same positions. It means that there are still 
hydrogen bonds but they are less and less stable. Moreover, when temperature increases 
peaks broaden more and more for both gOO and gOH rdf’s. One can notice that at 578 K the 
second peak of the gOH rdf becomes as high as the first one. Indeed when temperature 
increases, water clusters tend to melt, giving liquid-like then vapor-like behavior which 
means that distances between molecules can be very different and the rdf are unselective. 
 From the rdf, the number of hydrogen bonds as a function of temperature is 
calculated by integrating the first peak of the gOH radial distribution function7. The result is 
displayed on Fig14. 
 40
0
0.5
1
1.5
2
2.5
3
3.5
4
4.5
90 140 190 240 290 340 390 440 490 540 590
Temperature (K)
N
 
Fig14. Number of stable hydrogen bonds per water molecule as a function of temperature 
between 100 K and 580 K. 
 As it can be seen in the dynamic simulations, especially in the short movie clips, at 
very low temperature, stable clusters are formed and 4 hydrogen bonds per water molecules 
can be exchanged with neighboring water molecules. 
 From our simulations, it is shown that the number of stable hydrogen bonds 
decreases quickly even at low temperature. Indeed, at 250 K the number of stable hydrogen 
is less than two. It means that the number of hydrogen bond for temperatures ranging from 
250 K to 600 K, which corresponds to the normal diffusion regime, is inferior to two. And 
for temperature above 400 K the number of stable hydrogen bond is inferior to one which 
means that, in average, there is no stable hydrogen bond anymore. This result suggests the 
possibility that water be in gas-phase in silicalite at room temperature. 
 
f. Loading Influence on the self-diffusion coefficient at 3 different temperatures. 
 
 For all the simulations the total number of water molecules N = 16 inside the two 
silicalite unit cells was kept constant. For this last part, the loading influence on the self-
diffusion coefficient was studied at three different temperatures, 300 K, 400 K, 500 K. 
 The results are reported on Figure 15. 
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     Fig 15. Loading influence on the self-diffusion coefficient of water molecules inside 
silicalite at 300 K, 400 K, 500 K. 
 For a given temperature, the self-diffusion coefficient is plotted as a function of the 
number of molecules per intersection. The number of molecules per intersection equals half 
of the number of molecules per unit cell. So, in our previous simulations the number of 
water molecules per intersection was equal to 4. 
From these results, the following conclusions can be drawn: 
• Similar trends are obtained for these three different temperatures: for a loading 
ranging from 1 to 4-5 molecules, the self-diffusion coefficients decrease as loading 
increases. Then, for a loading ranging from 4-5 molecules to 8-9 molecules per 
intersection, the self-diffusion coefficients become constant or decrease very slightly. 
• Hydrogen bonds have a stabilizing effect, they decrease the total entropy and the total 
potential energy. That is why one can suspect that at low loading, when the number 
of hydrogen bonds is small, the stabilizing effect is small or even negligible if the 
system contains one water molecule per intersection. In this situation, it is logic to 
think that for low loading, the self-diffusion coefficients are relatively high especially 
for high temperatures. Then as the number of hydrogen bonds increases with loading, 
the stabilizing effect becomes more and more important and the self-diffusion 
coefficient decreases before reaching a limiting value. This limiting value is not 
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surprising because the number of hydrogen bonds per water molecules has a limit 
too. And as the self-diffusion coefficient depends mainly on the hydrogen bonds, it is 
reasonable to think that if the number of hydrogen bonds has a limiting value, it will 
be the same for the self-diffusion coefficients. 
• Moreover, from previous experimental work2-4 it is interesting to note that the 
maximum amount of water which can be adsorbed in silicalite is around 8 molecules 
per unit cell. 
 
6. Adsorption isotherms of water in silicalite 
 
 Using the same forcefield as before, the adsorption isotherms of water in silicalite are 
calculated. We used Cerius2 software package provided by Accelrys. This software uses the 
same forcefields and the same algorithms as the ones used by Materials Studio but it 
contains some additional features like the Sorption module which is used to simulate 
isotherms. Cerius2 has to be installed on a SGI workstation, it is the old version of Materials 
Studio which is installed on a PC. 
 The simulations were carried out by considering a perfect silicalite crystal with no 
defects. Then, the influence of the aluminum atoms in the framework was studied by 
considering the associated sodium counter-cation. The sodium cation Na+ was placed close 
to the corresponding aluminum atom but the aluminum atoms were placed as far as possible 
from each other. For each data point, the temperature and the external water vapor pressure 
are kept fixed. The number of step for each point was 107 which is very important and 
ensures that the system is at equilibrium. For a given adsorption curve, the temperature was 
kept fixed and the external water vapor pressure varied between 0 and 20 torrs. The 
simulated adsorption curves were compared with the experimental ones obtained by Giaya et 
al2,3,4,5. 
 We obtained the following results: 
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Fig 16a. Adsorption isotherm of water in silicalite with no defects at 300K, 310K, 350K, and 
400K in the range 0-20 torr. 
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Fig 16b. Adsorption isotherm of water in silicalite with 2 aluminum atoms (and 2 sodium 
cations) at 300K, 310K, 350K, and 400K in the range 0-20 torr. 
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Fig 16c. Adsorption isotherm of water in silicalite with 3 aluminum atoms (and 3 sodium 
cations) at 300K, 310K, 350K, and 400K in the range 0-20 torr. 
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Fig 16d. Adsorption isotherm of water in silicalite with 4 aluminum atoms (and 4 sodium 
cations) at 300K, 310K, 350K, and 400K in the range 0-20 torr. 
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The experimental adsorption isotherms obtained by Giaya et al2,3,4,5 are the following 
 
Fig 17. Experimental adsorption isotherms of water in silicalite from ref 2 and 4. 
 
The output results given by Cerius2 were expressed in Number of water molecules per unit 
cell of silicalite. In order to compare the simulated isotherms and the experimental ones, we 
converted the previous one to gram of adsorbed water per gram of dry silicalite by using: 
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Where MH2O is the molar weight of water (18.02 g/mol) 
            MSiO2 is the molar weight of SiO2 (60.08 g/mol) 
            NSiO2 is the number of SiO2 per unit cell (96 for silicalite) 
          χ  is the adsorbed amount of water expressed in Number of molecules per unit cell. 
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Several comments can be made from these simulations: 
• We can notice that the adsorption capacities simulated for the perfect crystal (Fig 
16a) are lower than the experimental ones (Fig 17). Two main explanations can be 
found to explain this difference; the compass forcefield may not be appropriate to 
simulate water adsorption in silicalite or the real silicalite is not perfect, it contains 
some defects such as aluminum with associated counter-cations or silanol group. 
These defects increase the adsorption capacities. Thus, additional simulations were 
done in order to evaluate the effect of aluminum substitution in the silicalite 
framework.  
• We considered 2, 3 and 4 aluminum atoms to carry out the additional simulations 
(Fig 16b, Fig 16c and Fig 16d respectively). The corresponding aluminum contents 
are low with Si/Al ratios equal to 47, 31, and 23, respectively. It is interesting to 
notice that even when only two aluminum atoms are present, the simulated and 
experimental adsorption capacities are in the same order of magnitude as Giaya’s 
data2,4. Moreover, one can notice that the shape of the curves changes when 
aluminum atoms are present; the type I shape is clearly obtained and is similar to the 
experimental adsorption curves. 
• When considering water desorption, obtained by fixing the pressure and increasing 
the temperature, we can notice that the desorbed amount is larger in the experimental 
work than in the simulated one. This can be explained in the following way:  the real 
crystal may contain different types of defects. Not only it can contain some 
aluminum atoms but also some silanol groups resulting from the break of Si-O-Si 
bridge. In our simulation we only considered the influence of aluminum atom with 
the specific counter-cation Na+. But one can imagine that if a variety of defects is 
taken into account, the adsorption isotherms will be qualitatively and quantitatively 
different. For example, if we compare the water affinity for silanol groups and 
cations such as Na+ one can predict that the interactions of water molecules with the 
cations are stronger than for the silanol groups. And so if many silanol groups are 
present the theoretical and experimental adsorption capacities will be similar. Indeed, 
one can expect a stronger desorption when water interacts with silanol groups than 
with cations as the affinity of water molecules is weaker with silanol groups than 
with cations. It would be interesting to check this point by doing some additional 
simulations. 
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• Moreover, we can notice that when Na+ cations are considered the maximum loading 
is reached quickly at a given temperature. Whereas if no aluminum atoms are present 
the maximum loading is not reached in the pressure range 0-20 torr. It would be 
interesting to consider two parameters such as the number of aluminum atoms per 
unit cell (between 0 and 4) and the number of silanol groups (from 0 to 10) and try to 
fit the experimental data with the simulations. This would give an estimation of the 
number and the nature of the defects present in the real zeolite. 
 
6. Conclusion 
 
 Molecular Dynamic simulations were used to understand qualitatively and 
quantitatively water behavior in silicalite. The self-diffusion coefficients were determined on 
a broad range of temperature 250 K – 600 K where normal diffusion occurs, these results 
gave some details and suggestions for suspecting water behavior in silicalite. Comparison 
with experimental data and previous simulations yielded an agreement for the order of 
magnitude of diffusion coefficients but a discrepancy was observed with experimental data 
due to some difficulties in synthesizing a pure-silica  material and in analyzing the results. 
  The activation energy for diffusion underlined the complex behavior of water inside 
silicalite as a simple straight line was not observed. Some suggestions were given after 
considering the hydrogen bonds between water molecules themselves. It appears that at very 
low temperatures, some clusters are formed. As the number of hydrogen bonds decreases 
very quickly with temperature, the clusters tend to melt very quickly and vapor-like phase is 
formed at room temperature. 
 It is difficult to give definitive answers on the basis of simulations and it is necessary 
to get more experimental results. Unfortunately, experimental data are scarce because it is 
not  easy to study hydrophilic sorbates inside an hydrophobic adsorbent and experiments are 
sometimes impossible to carry out at the same conditions as simulations.  
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1. Abstract 
 
A similar study to the previous one was carried out using zeolite Y with no-aluminum atom 
(DAY). The goal is to obtain qualitative and quantitative results regarding the diffusion 
behavior of water molecules in DAY at different temperatures in the range 250–600 K. 
 
It appears that the behavior of water molecules in DAY is different from the one in silicalite 
because of the different dimensions and symmetries between the two crystals. 
Moreover, it appears that the behavior of water molecules in DAY is quite simple, compared 
to the one in silicalite. For example, when normal diffusion takes place which is true for the 
temperature range we investigated, one can observe two energy barriers for diffusion. The 
first one is obtained for temperatures comprised between 250K and 425K, with Ea1 = 14 
kJ/mol and the second one is obtained for the range 425-600K with Ea2 = 8.3 kJ/mol. We 
will discuss these values later. 
 
The hydrogen bonds strength was also studied by considering the radial distribution 
functions between oxygen – oxygen and oxygen – hydrogen atoms of different water 
molecules. 
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2. Zeolite DAY: Description and properties 
 
There are many applications where zeolite Y is used. For example they are widely used as 
cracking catalysts and as selective adsorbents in several large scale hydrocarbon separation 
processes. 
The synthetic zeolite DAY has the same structure as the natural mineral faujasite. Actually, 
the difference between zeolite Y, zeolite DAY or faujasite is only due to the aluminum 
content, or more explicitly to the Si/Al ratio. This ratio determines in turn the number of 
cations leading to different adsorption, diffusion or ion-exchange properties.  
The framework can be seen as a tetrahedral array of sodalite units interconnected through 
six-membered oxygen bridges.  
  
Fig1. One unit cell of zeolite DAY. The red dots represent the oxygen atoms while the 
yellow ones represent the silicon atoms. 
 This structure is very open with a pore volume of 0.38 cm3/g and highly symmetric, 
that is why the distinction between cages and windows is not very clear. Moreover because 
of its symmetry, one can guess that diffusion processes are mainly isotropic. 
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Fig2. Schematic representation of a supercage in zeolite DAY 
 
 The unit cell of zeolite Y consists of an array of eight cages containing 192 SiO2 
tetrahedral units. The free diameter of the twelve-membered oxygen ring (the largest one) is 
around 7.5 A. But, as a result of molecular vibration and because the crystal has a flexible 
framework, molecules which have a larger diameter up to 9.5 A can penetrate the pore 
structure at ambient temperature. At higher temperature, the molecules can penetrate the 
pores more easily because the vibrations of the structure are more important leading to a 
more flexible structure.  
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3. Diffusion of water in zeolite DAY: Results and Discussion. 
a. Mean Squared Displacement as a function of time at different temperatures. 
 
We proceeded by following the same steps as the ones in part I. It is important to recall that 
before the dynamic simulation by itself, an equilibration run is done in order to reach a 
starting point corresponding to a local minimum. The number of water molecules per unit 
cell was kept constant and equal to 8. We considered 2 unit cells elongated in the c direction 
as before. 
Keeping the same parameters and the same thermodynamic model as before, the following 
results were obtained: 
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Fig3a. Mean Squared Displacement of water molecules in zeolite DAY framework at    250 
K as a function of time. 
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MSD vs time @ 275 K
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Fig3b. Mean Squared Displacement of water molecules in zeolite DAY framework at    275 
K as a function of time. 
MSD vs time @ 300 K
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Fig3c. Mean Squared Displacement of water molecules in zeolite DAY framework at    300 
K as a function of time. 
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MSD vs time @ 325 K
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Fig3d. Mean Squared Displacement of water molecules in zeolite DAY framework at    325 
K as a function of time. 
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Fig3e. Mean Squared Displacement of water molecules in zeolite DAY framework at    350 
K as a function of time. 
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MSD vs time @ 400K
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Fig3f. Mean Squared Displacement of water molecules in zeolite DAY framework at    400 
K as a function of time. 
MSD vs time @ 450 K
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Fig3g. Mean Squared Displacement of water molecules in zeolite DAY framework at    450 
K as a function of time. 
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MSD vs time @ 500 K
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Fig3h. Mean Squared Displacement of water molecules in zeolite DAY framework at    500 
K as a function of time. 
MSD vs time @ 550 K
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Fig3i. Mean Squared Displacement of water molecules in zeolite DAY framework at    550 
K as a function of time. 
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MSD vs time @ 600K
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Fig3j. Mean Squared Displacement of water molecules in zeolite DAY framework at    600 
K as a function of time. 
 From these results, we can deduce the self-diffusion coefficients of water in zeolite Y 
at different temperatures by using the Einstein relationship. This relationship can be used for 
a normal diffusion regime, which means that the MSD is linear with time. This is true for the 
temperature range we considered but at lower temperature, we observed a different diffusion 
regime which can be correlated by αCtr =2 . 
 Before calculating the self-diffusion coefficients, we can observe that the diffusion of 
water in the three directions (x, y and z) is isotropic as the slope of the three straight lines are 
very close for a given simulation. This result has to be related to the symmetry of the crystal 
(3D cubic FD-3) which is an important criteria for determining the isotropy of the diffusion. 
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Evolution of Dx, Dy and Dz as a function of temperature
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Fig4. Evolution of the self-diffusion coefficients in the x, y and z directions as a function of 
temperature.  
 When considering figure 4, one can notice that the self-diffusion coefficients are very 
close especially at low temperatures. As temperature increases, we can notice a slight 
discrepancy from the average diffusion value. It seems also that diffusion in the y direction 
is slightly higher than in the two other directions, especially at higher temperatures. 
Nevertheless, figure 3 is relevant of an isotropic diffusion process which takes place in 
zeolite DAY. 
 We can also notice that for T < 350 K, diffusion of water molecules is higher than in 
zeolite Y. But for T > 350 K, self-diffusion coefficients become much higher in zeolite Y 
than in silicalite. It is probably due to the fact that at low temperatures, from 250 K to 350 K, 
lattices vibrations are more efficient in silicalite than in zeolite Y, especially because water 
molecules are closer to the walls of the pores in silicalite than in zeolite Y. So they can take 
more easily the energy given by the walls. Moreover at low temperature, silicalite is more 
disruptive for hydrogen bonds leading to a lower stability effect and a higher ability for 
water molecules to diffuse. 
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Using the β criteria we presented in part I where β is defined as: 
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And as a = b = c = 25.028 Angstroms, one can already guess that β is very close to 0.5. 
T D Dx Dy Dz β 
250 1.80 1.80 2.00 1.60 0.59 
275 3.04 2.54 3.04 3.54 0.39 
300 5.72 5.70 5.55 5.85 0.48 
325 7.60 7.10 7.60 8.10 0.45 
350 10.69 10.66 11.88 10.05 0.56 
400 24.05 21.54 24.60 21.66 0.53 
450 39.11 30.27 35.92 30.90 0.53 
500 45.75 46.67 50.45 40.00 0.61 
550 55.95 47.31 57.43 51.71 0.50 
600 65.31 53.81 62.92 60.06 0.48 
Table1. The diffusion coefficients of water (*109- m2s-1) in zeolite Y as a function of 
temperature and the parameters β as a function of temperature. 
 We can notice that β is inferior to one which means that molecules move 
preferentially from one channel to the other. In our case, the notion of channel is not really 
clear because of the symmetry of the crystal. This result should be formulated in the 
following way; the molecules move freely and changing the direction is not a constraint. 
This, again, is characteristic of an isotropic diffusion process when there is no preferential 
direction for diffusion. 
 b. Activation Energy for diffusion. 
Similarly to the first part, the Activation Energy for diffusion is defined in the following 
way:  RT
Ea
eDD
−= 0  where D is the mean diffusion averaged for the three directions x, y and 
z. 
The Arrhenius plot is given on figure 5: 
 Two activation energies are obtained for two ranges of temperature. For temperatures 
between 250 K and 425 K the ativation energy is Ea1 =  14 kJ/mol. This value is less than 
the one obtained in bulk liquid water at room temperature which is about 20 kJ/mol. It is  
due to the confinement which influences the thermodynamics of the system and the 
hydrogen bond geometries. As will be shown in the next section, the hydrogen bond strength 
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and so, the average number of hydrogen bonds per water molecules decreases as temperature 
increases. As was indicated in part I of this report, the hydrogen bonds have a stabilizing 
effect. Hence, as the number of hydrogen bonds per water molecule is lower in the confined 
media than in bulk liquid water at appropriate temperatures, the stabilizing effect given by 
hydrogen bonds is also lower in zeolite DAY, leading to a lower activation energy for 
diffusion. Now, if we compare the activation energy for diffusion within the range 250 K-
300 K for the two different crystals, zeolite DAY and silicalite. We notice that the values are 
close, 14 kJ/mol and 11.6 kJ/mol for zeolite DAY and silicalite respectively. As it will be 
shown later in this section, hydrogen bonds are more easily disrupted in silicalite than in 
zeolite Y. And the average number of hydrogen bonds per water molecule, for temperatures 
in the range 250 – 300 K, is lower in silicalite than in zeolite Y. And so, the stabilizing effect 
at low temperature is lower for silicalite compared to zeolite Y. This can be also related to 
the pore volume. Indeed for zeolite Y, the pore volume is larger than for silicalite. So a 
stable hydrogen bond network is more likely to form in zeolite Y than in silicalite. That is 
why, on the basis of pore volume considerations, the activation energy for diffusion of water 
molecules in zeolite Y is closer to the one obtained for bulk liquid water. 
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Fig 5. Arrhenius plot of the self-diffusion coefficients as a function of temperature.    
Determination of the diffusion activation energy for temperatures between 250 K and 600K. 
The self-diffusion coefficients of bulk liquid water are reported from ref 25. 
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 For temperatures between 425 K and 600 K where water molecules are in the gas-
like phase, the activation energy Ea2 for DAY is lower than the one obtained in the first 
range and equal to 8.3 kJ/mol.  At high temperatures water molecules are more energetic and 
the translational and rotational barriers for diffusion are overcome more easily than at lower 
temperature.  
 If we compare these values to the ones we obtained with pure silicalite, several 
comments can be drawn: First, we can notice that water behaves more simply in zeolite 
DAY than in silicalite. We observed two activation energies on the range of temperature 250 
K – 600 K. It is interesting to note that the activation energy obtained for silicalite between 
300 K and 400 K and equal to 1.8 kJ/mol is not present for zeolite DAY. This transition 
regime between solid-liquid-gas phases for silicalite was an indication of the complex 
behavior of water in silicalite. It appears that increasing the pore dimensions from ca. 5.5 A 
to ca. 7.5 A has an influence on the presence of this transition regime characterized by a very 
low activation energy. 
 Second, we can observe that at high temperatures where the molecules are in gas 
phase and occupy the all available volume, the activation energy for water molecules in 
silicalite and zeolite Y are very close. One can imagine that because at these high 
temperatures water molecules are very energetic, the confining media, where they move, has 
a decreasing influence. And one can expect to find a similar activation energy for water 
molecules in a similar hydrophobic zeolite at high temperatures. If we compare the self-
diffusion coefficients of water in silicalite and in bulk liquid water / supercooled water25 that 
is in the range 255-364 K, we obtain a similar conclusion: the hydrophobic confinement 
makes the diffusion process easier. Moreover, one can notice that the enhancement is more 
efficient for silicalite at room and lower temperatures. This may be related to the lattice 
vibrations which are more effective for silicalite than for DAY as water molecules are closer 
to the walls of the pore in silicalite. At higher temperatures, it is not really true anymore 
because water molecules tend to diffuse along the axis of the silicalite pores, which makes 
the influence of the lattice vibrations less and less important.9 
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c. Hydrogen Bonds Strength  
In this section and similarly to part I, we present the radial distribution functions (rdf) we 
obtained for water molecules in zeolite DAY. We considered Goo = f (roo) and Goh = f 
(roh) as being respectively the rdf  between two oxygen atoms of two different water 
molecules and an oxygen – hydrogen atoms of two different water molecules as a function of 
the interatomic distance.  
 
 
                 
 
 Fig 6a and 6b. Intermolecular distances, rOO and rOH, between two different water 
molecules used in the radial distribution functions (rdf’s) gOO and gOH respectively. 
 
Recalling that Goo represents the probability of finding two oxygen atoms of two different 
water molecules separated by the distance roo, the following results were obtained: 
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Fig 7a. Radial distribution functions gOO as a function of r = rOO at 250 K, 275 K and 
300 K 
rOO 
rOH 
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Fig 7b. Radial distribution functions gOO as a function of r = rOO at 325 K, 350 K and 
400K 
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Fig 7c. Radial distribution functions gOO as a function of r = rOO at 450 K, 500 K, 550K 
and 600 K. 
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Fig 8a. Radial distribution functions gOH as a function of r = rOH at 250K, 275K, and 
300K. 
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Fig 8b. Radial distribution functions gOH as a function of r = rOH at 325 K, 350K and 400K 
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Goh (r) vs r (450K-600K)
0
10
20
30
40
50
60
70
0 2 4 6 8 10 12
r (A)
G
oh
 (r
)
450 K
500 K
550 K
600 K
 
Fig 8c. Radial distribution functions gOH as a function of r = rOH at 450 K, 500 K,   550 K 
and 600 K. 
  
 
 As it was the case in the first part, the first peaks are obtained at rOH1 = 1.8 A and    
rOO1 = 2.8 A for gOH and gOO respectively which is characteristic of stable hydrogen 
bonds. We can also observe that the peak heights (or more precisely the area under the 
corresponding peaks) decrease as the temperature increases. So, as temperature increases, the 
number of stable hydrogen bonds decreases. Integrating the curves given by the gOH radial 
distribution function, we obtain the following result: 
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Number of stable hydrogen bonds per water molecule as a function of 
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Fig 9. Number of stable hydrogen bonds as a function of temperature between 100 K and 
600 K for water in zeolite Y. 
 
 We can notice that between 100 K and 425 K the number of hydrogen bonds is 
higher in zeolite DAY than in pure silicalite-1. The maximum number of hydrogen bonds is 
reached for temperatures between 100 K and 250 K in the solid phase. One can also notice 
that the number of hydrogen bonds at room temperature in zeolite DAY is the same than the 
number of hydrogen bonds in bulk liquid water (around 3-3.5). This suggests that water 
behavior in zeolite DAY is not really complex, and that liquid water can exist in zeolite 
DAY at room temperature whereas from the results obtained in the previous part liquid 
water does not exist in silicalite at room temperature. These results confirm the experimental 
observations made by Giaya et al2-5. 
 At higher temperatures, between 425 K and 600 K, the number of hydrogen bonds is 
the same in zeolite DAY and silicalite. 
 
d. Loading influence on the self-diffusion coefficients 
 
The influence of loading on the self-diffusion coefficient is given on figure 10. As it was 
observed previously with silicalite, self-diffusion coefficients decrease as loading increases. 
The curves can be decomposed roughly into two parts, for a loading between 2 and 10 water 
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molecules per unit cell, the decrease is pretty important but then for a higher loading self-
diffusion coefficients decrease slightly as loading keep increasing. 
First, it is not surprising that the transition occurs for 10 water molecules per unit cell. It is 
higher than for silicalite (8 water molecules per unit cell) which has a smaller pore volume 
and a lower water adsorption capacity.  As it can be noticed, two points are missing at high 
loading for T=300 K, this is because the normal diffusion was not obtained at these 
conditions. At these conditions and when plotting the MSD as a function of time, we 
obtained a curved line meaning that the Einstein relationship for normal diffusion could not 
be used anymore.  
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Fig 10. Influence of loading on the self-diffusion coefficients of water in DAY at 300, 400 
and 500 K. 
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4. Conclusions 
 
 The behavior of water confined in silicalite and DAY pores was evaluated using 
Molecular Dynamics calculations and was noted to be different. The differences can be 
explained mainly by considering the hydrogen bonds, the influence of the lattice vibrations 
and the pore dimensions on the diffusion coefficients. Water diffusion is facilitated in these 
hydrophobic confined media and it can be either in the liquid phase at room temperature in 
DAY or in the vapor phase at room temperature in silicalite because, silicalite is very 
disruptive with respect to the hydrogen bonds. 
 The forcefield we used seems to be promising as it can reproduce experimental 
observations. Taking into account the aluminum content, the adsorption capacities of water 
in silicalite will be the object of an upcoming paper. It would be also interesting to consider 
the influence of the silanol groups and the nature of the counter-cations when aluminum 
atoms are present on the diffusion and the adsorption capacities of water in these zeolites. 
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